Evolutionary trade-offs required for bipedalism and brain expansion influence the pregnancy rise in uterine artery (UtA) blood flow and, in turn, reproductive success. We consider the importance of UtA blood flow by reviewing its determinants and presenting data from 191 normotensive (normal, n ¼ 125) or hypertensive ( preeclampsia (PE) or gestational hypertension (GH), n ¼ 29) Andean residents of very high (4100-4300 m) or low altitude (400 m, n ¼ 37). Prior studies show that UtA blood flow is reduced in pregnancies with intrauterine growth restriction (IUGR) but whether the IUGR is due to resultant fetal hypoxia is unclear. We found higher UtA blood flow and Doppler indices of fetal hypoxia in normotensive women at high versus low altitude but similar fetal growth. UtA blood flow was markedly lower in early-onset PE versus normal high-altitude women, and their fetuses more hypoxic as indicated by lower fetal heart rate, Doppler indices and greater IUGR. We concluded that, despite greater fetal hypoxia, fetal growth was well defended by higher UtA blood flows in normal Andeans at high altitude but when compounded by lower UtA blood flow in early-onset PE, exaggerated fetal hypoxia caused the fetus to respond by decreasing cardiac output and redistributing blood flow to help maintain brain development at the expense of growth elsewhere. We speculate that UtA blood flow is not only an important supply line but also a trigger for stimulating the metabolic and other processes regulating feto-placental metabolism and growth. Studies using the natural laboratory of high altitude are valuable for identifying the physiological and genetic mechanisms involved in human reproductive success.
Introduction
The 20-fold pregnancy rise in uterine artery (UtA) blood flow is among the greatest physiological changes experienced during the human lifespan. Considerable maternal physiological responses are required to accomplish this blood flow rise and support fetal growth. We argue here that such maternal physiological responses comprise, in addition to bipedalism and placentation, a third set of pivotal features in human evolution.
To develop this argument, we first review the literature concerning the evolutionary challenges posed by human pregnancy, the determinants of UtA blood flow and its importance in relation to fetal growth. Second, we present new data concerning UtA blood flow, fetal hypoxia and growth from very high altitude (4100-4300 m) where the hypoxia of high altitude combined with an increased incidence of preeclampsia (PE) and gestational hypertension (GH) challenge reproductive success. Specifically, we ask whether fetal hypoxia is exaggerated at high altitude, further worsened by lower UtA blood flow due to PE or GH and if so, the time course of such changes and their relationship to fetal growth. We consider that such a literature review and the new data provided will help illustrate the physiological processes contributing to reproductive success and human evolution, and point to the kinds of studies required for identifying new therapies for improving maternal and fetal health.
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Part I: evolutionary challenges, determinants and importance of uterine artery blood flow (a) Evolutionary challenges
Becoming bipedal and large-brained has been accompanied by evolutionary compromises that have reconfigured the Homo sapiens hip, lengthened gestation and altered birthing practices as described by Mick Eliot, Wenda Trevathan and Jonathan Wells [1] [2] [3] . Anthony Carter [4] and Ashley Moffett [5] address the important evolutionary changes occurring in the placenta, which shows greater morphological variation than any other mammalian organ likely due to the intense selective pressure to which it has been subject. Maternal physiological responses to pregnancy and in particular those determining uterine blood flow comprise a third set of factors influencing reproductive success and that require evolutionary trade-offs with those involved in bipedalism and placentation. For example, bipedalism and increasing tool use were accompanied by dietary changes, reduction in abdominal size and depth, and repositioning the uterus on top of the vena cava that serves, in turn, to limit third trimester venous return and lower cardiac output in all but the left-lateral supine posture [6] . Cardiac output continues to rise throughout pregnancy in quadrupeds, helping to fuel the exponential increase in UtA blood flow and fetal growth near term. We suspect that even though great apes share our deep trophoblast invasion [7, 8] , they are unlikely to have our limitation of cardiac output given their large abdomens and forwardtilted, knuckle-walking posture, although we know of no such direct measurements. Elsewhere, we have suggested that the lack of third trimester rise in cardiac output places a premium on vasodilation and structural remodelling of uteroplacental arteries for directing an increasing proportion of the cardiac output to the uterine circulation, and may explain the human predilection for PE relative to that of other species [9] . The evolution of the placenta is also related to maternal vascular responses as the type of placental exchange influences the amount of UtA blood flow required to maintain fetal oxygenation.
(b) Determinants of uterine artery blood flow
Blood flow to the pregnant uterus is supplied by four arteries: the right and left main UtA and the right and left uterine branches of the ovarian artery (OA). These vessels anastomose to form a bilateral arcade along each side of the uterus that, in turn, gives rise to several arcuate (syn. mesometrial) arteries arching over the uterus, which then branch centripetally into myometrial (syn. radial) arteries that penetrate the myometrium and, at the level of the decidua, terminate in approximately 200 spiral arterioles supplying blood to the intervillous space [10] . Only the contributions of the UtA to total uteroplacental blood flow have been studied to date; a recent attempt to measure simultaneous flow in the UtA and OA branches using magnetic resonance imaging concluded that the complexity of pelvic blood flow prevented its accurate assessment [11] . Estimates of total uteroplacental blood flow are therefore based on a single study in Rhesus monkeys in which it was shown that the two UtAs provided half the blood flow to the upper one-third of the uterus and all the blood flow to the lower portion, or 83% of the total, and the two OA branches the remainder [12] . While it is known that UtA blood flow on the side of placentation is approximately 18% greater than that in the contralateral UtA [13] , unknown is whether placentation site also affects the relative contributions of the UtA and OA. Suggesting that it might are angiographic studies and case reports showing that the development of a collateral circulation through the OA helps overcome the limitation on cardiac output placed by vena caval compression by the pregnant uterus late in gestation [14] . The process of placentation involves fetal trophoblast cells invading the inner third of the uterus so as to decidualize it and convert the maternal spiral arterioles into large, flaccid tubes. This process, well described elsewhere in this issue, exerts important influences on maternal vascular responses to pregnancy as it effectively moves the site of vascular resistance upstream to the myometrial, arcuate and main UtA vessels. This creates a circumstance unique to pregnancy in which the limitation to blood flow is not in the end-arterioles but rather, the conduit vessels [10] . 1 It is often assumed that placental influences are wholly responsible for the maternal vascular responses to pregnancy (e.g. [15] ) but this is not the case given that such changes begin early and can occur outside the placental environment. Specifically, the systemic vasodilation, approximately 40% increase in blood volume and cardiac output, and doubling of UtA diameter are evident by week 6 [16, 17] , well before placentation is complete. Such changes are also almost certainly not flow mediated because extravillous trophoblast forms a continuous shell at the level of the decidua during the first trimester, plugs the tips of the maternal spiral arterioles and acts like a labyrinthine interface that permits the slow seepage of plasma and influx of secretions from uterine glands, but no true blood flow [18] . Further demonstrating their independence from placentation, the UtA acquires its characteristic low resistance Doppler waveform in ectopic pregnancy even though the UtAs were not supplying blood to the placenta or fetus, as they were not inside the uterus but rather implanted on the abdominal wall [19] . With removal of trophoblast plugs at the end of the first trimester, maternal blood enters the intervillous space and comes into direct contact with the fetal chorion, placentation becomes hemochorial and gas exchange begins to take place. Gas exchange in the human placenta operates as a venous equilibration system in which fetal umbilical venous blood equilibrates with maternal uterine venous, not arterial, blood. The blood in the intervillous space is stirred by the spurts of entering maternal arterial blood but also the oscillations of the fetal villi, thus creating a 'mixed pool' with a single partial pressure of oxygen (pO 2 ) at the level of maternal uterine venous pO 2 ([20] figure 1a ). Supporting this are measurements obtained prior to uterine incision for Caesarean section in healthy women at sea level in which uterine venous saturation was 79% and pO 2 46 mmHg [22] . If, as in sheep, a specie with a similarly sized fetus and also a venous equilibration system of placental gas exchange, an approximately 10 mmHg O 2 gradient is required for diffusion from the uterine venous to the umbilical venous circulation 'his evidence leads to the conclusion that, in the human placenta, the maternal and umbilical circulations form a venous equilibration system that requires a higher uterine flow/O 2 uptake ratio than the countercurrent exchanger or any other exchanger that would allow the umbilical venous pO 2 to be equal to or higher than the uterine venous pO 2 [20] .
(c) Importance of uterine artery blood flow
Prior to the advent of Doppler Ultrasound technology, the anatomical complexity of the uterine circulation and ethical considerations limited the ability to measure human UtA blood flow. Table 1 summarizes the still comparatively few such studies. All measured UtA blood flow as the product of vessel cross-sectional area ( pr 2 , where r is the UtA radius) and time-averaged flow velocity throughout the cardiac cycle. Such measurements are aided by the fact that when imaged transabdominally, the UtA appears to cross over the external iliac vessels prior to branching into uterine and cervical segments, thus providing a means for localizing the same portion in each study. Also the UtA is pulled upwards as the uterus expands and therefore velocity can be assessed at the requisite low angle of insonation. However, as is apparent in table 1, there is considerable variability among studies, which is due primarily to variation in flow velocity rather than diameter (coefficients of variation ¼ 0.32 and 0.19, respectively, for the four studies with week-36 data). 2 Variation among studies is likely due to differences in study design and technique. For example, transvaginal versus transabdominal approaches image different portions of the UtA, which affects the level of flow. Studies also vary as to whether one or both UtA were sampled and, as flow through the two vessels varies with lateral placentation [13] , total UtA blood flow cannot be assumed to be twice the unilateral value. We, but not others, have made corrections for the exaggerating effects of systole and of colour imaging on vessel diameter. Finally, as operator decisions as to where to place the cursors for measuring vessel diameter have a major influence on the flow levels obtained, comparisons between groups are best controlled by having a single operator make all measurements or limiting comparisons between groups to changes within subjects over time. Despite such variation, several observations can be made. One is that the rise in UtA blood flow begins early and converges near term in the two studies conducted by a single operator at low altitude [13, 24] at approximately 270 ml min 21 kg 21 fetal weight, the value directly measured in sheep. A second point is that UtA blood flow per kilogram fetal weight falls progressively with advancing gestation; this is due to increasing fetal size given that the absolute flows and the fraction of total cardiac output directed to the uteroplacental circulation continue to rise [13] . Third, the principal factors responsible for raising UtA blood flow differ in early versus late gestation, with a linear increase in diameter being more important early and a rising flow velocity prevailing thereafter [24, 25] . This together with the early onset of maternal vascular responses to pregnancy suggests that vasodilatory and/or angiogenic effects of pregnancy hormones are likely responsible for increasing UtA diameter and that trophoblastmediated changes in downstream vascular resistance play a major role in the progressive rise in flow velocity. Variation in UtA blood flow has been related to fetal growth in studies at low altitude. In serial studies, Konje showed that women delivering IUGR babies had 12% and 37% lower UtA blood flows at weeks 20 and 38, respectively, and that lower flows were due primarily to smaller UtA diameters from week 20 onward [29] . Jeffreys observed strong correlations between third trimester UtA blood flow and birth or placental weights that were also primarily due to relationships with UtA diameter [30] . UtA Doppler indices indicative of increased uteroplacental vascular resistance have led to the widespread assertion that uteroplacental blood flow is low and a contributor to the IUGR frequently observed in PE/GH pregnancies, but to the best of our knowledge volumetric UtA blood flow has not actually been measured in PE/GH women at low altitude.
At high altitude, early studies in Peru by Barron and coworkers [31] in native sheep emphasized the importance of UtA blood flow, noting that the partial correlation of uterine O 2 delivery with UtA flow was much greater (r ¼ 0.9) than with arterial O 2 content (r ¼ 0.3) or the A-V gradient (r ¼ 20.5). Infant birth weight falls at high altitude, averaging approximately 100 g per 1000 m altitude gain, due to slowed fetal growth and not shortened gestation or socioeconomic factors [32] [33] [34] . Variation in UtA blood flow is related to fetal growth at high altitude. Specifically, our studies conducted with a single operator and at the altitude of the subject's residence showed that newcomer high-altitude residents have half the rise in UtA diameter seen at low altitude and lower UtA blood flows from week 20 onward as a result [27] .
As human populations have lived at high altitude for 10 000 years or more and a reduction in fetal growth increases perinatal as well as later-in-life mortality, we hypothesized some years ago that genetic attributes serving to protect long-resident groups from altitude-associated IUGR would have been selected for at high altitude [35] . Supporting this hypothesis, multigenerational, Andean or Tibetan highaltitude residents have half as much altitude-associated decline in birth weight as do shorter term (Han, European) residents of the same altitude (167 + 36 (s.e.m.) g versus 373 + 48 g, respectively, across a 400-3600 m gradient [36] ). Not only are Andean and Tibetan birth weights greater (more normal) but Andean (and probably also Tibetan [37, 38] ) levels of UtA blood are also higher [39, 40] . UtA blood flow at high altitude is positively correlated with infant birth weight, with a R 2 -value ¼ 0.80 when the full spectrum of hypertensive (PE, GH) as well as normotensive pregnancies is included [41] . In keeping with the operation of evolutionary forces, our and other's single nucleotide polymorphism-based scans of human genetic variation indicate that natural selection has operated on several gene regions in long-resident high-altitude populations [42] [43] [44] [45] [46] [47] . More recently, we have shown that variation in or near the gene coding for the adenosine monophosphate kinase alpha-1 catalytic domain (AMPKa1) relates to UtA diameter, infant birth weight and the expression levels of several genes in the mTOR pathway in Andeans at high altitude [48] , a pathway previously implicated in high-altitude IUGR [49] .
Most of what is known concerning the placenta at high altitude has come from morphological studies that, in general, indicate that placental relative to fetal growth is variably affected with increases [50] , decreases [51, 52] or no changes [53, 54] being observed. A recent, carefully conducted study at sea level and Colorado locations at 1600 and 3100 m in women of European ancestry showed that placentas weighed 30% less at 3100 m than sea level but that the reductions were proportional such that the relative amounts of stem Table 1 . Studies of UtA blood flow during human pregnancy. c, cross-sectional study design; l, longitudinal study design; n, sample size; n.d., no data. villi, villous interspace, intermediate/terminal villi, and chorionic and basal plates were similar at all altitudes [55] . There was no change in the harmonic mean thickness in these studies although decreased thickness has previously been observed in longer resident, Bolivian and Kirghizstani populations [53, 56] . Several recent studies show that residence at high altitude affects placental metabolism; specifically, glucose consumption is increased [57] and oxidative metabolism reduced as indicted by a lower ratio of ATP to ADP levels [58] , diminished mitochondrial complex protein expression and activities, and higher miR-201 expression [59] . Whether these changes relate to alterations in uteroplacental O 2 delivery and placental O 2 uptake (VO 2 ) is unknown. It has been suggested that they do not [57] , given that 50% reductions in UtA blood flow do not change placental VO 2 , but it is important to point out that such protection is only present acutely [60, 61] and that chronic reductions in UtA flow decrease fetal and placental VO 2 by large amounts (50% and 75%, respectively [61, 62] ). As the hypoxia of high altitude and reduction in UtA flow are certainly chronic in nature, the chronic studies are more relevant to consider and, together with the metabolic observations above, suggest that placental VO 2 at high altitude may be reduced.
The effects of high altitude on fetal growth can be attributed in approximately equal measure to altitude alone, an altitude-related increase in the incidence of PE and GH, and their interactive effects [63, 64] . There is little difference between multigenerational and shorter resident groups in the altitude-related increase in hypertensive complications of pregnancy [63, 65] but the lack of complete vital statistic data in the Andean or Tibetan regions complicates such comparisons. Data presented below showing alterations in UtA resistance indices consistent with impaired placentation in early-onset PE, and the lack of pronounced fetal growth restriction or placental pathology in placentas from women with late-onset PE [55] suggest that impaired placentation in early-onset PE and insufficient maternal physiological responses to pregnancy in late-onset PE or GH are likely responsible for the altitudinal increase in hypertensive complications observed.
3. Part II: relationship between uterine artery blood flow, fetal hypoxia and fetal growth at high altitude
While previous studies thus support a relationship between UtA blood flow and fetal growth, the mechanisms underlying such a relationship are unclear. On the one hand, lower UtA blood flow would appear to play a causative role because differences in UtA blood flow between normal and IUGR pregnancies at low altitude and between Andean and European residents of high altitude are present by week 20, which is well before measurable slowing of fetal growth [13, 66] . But on the other hand, it seems unlikely that less uteroplacental O 2 delivery is the sole cause of the growth restriction observed because (i) the small size of the fetus at week 20 means that uteroplacental O 2 delivery is very high relative to fetal demand, (ii) arterial O 2 content is well preserved by the pregnancy rise in maternal ventilation and the higher haemoglobin levels characteristic of high-altitude residents [67] , and (iii) UtA blood flow even in European residents of high altitude is sufficient to preserve calculated uteroplacental O 2 delivery at low-altitude values [68] . Thus, the question arises as to the role of increased UtA blood flow during pregnancy for defending fetal O 2 supply and growth. Whether the fetus is more hypoxic at high than low altitude is contested. Newborn arterial pO 2 and O 2 saturation immediately following delivery are slightly but not significantly reduced at 3100-4300 m compared with low altitude [21, 69, 70] , but the interpretation of these values is complicated by the influences of vaginal or cesarean delivery on the measurements obtained. Moreover, such values are not likely to be the same as those present earlier in gestation when fetal growth restriction begins. Other measures more likely reflecting chronic conditions in utero suggest that the fetus is more hypoxic at high than low altitude insofar as high-compared with low-altitude newborns have higher haemoglobin, haematocrit and erythropoietin levels [21, 71] . Such changes are less pronounced in Andeans versus Europeans at high altitude [21, 71, 72] , with ancestry-group differences in fetal head circumference (HC) and femur length (FL) already present by week 20 [66] .
Doppler indices have been shown in recent years to be a valuable means for assessing fetal hypoxia [73, 74] . Their utility stems from the fact that fetal hypoxia prompts cerebral vasodilation that, in turn, redistributes cardiac output to favour the brain and other vital organs ('brain sparing'), directs blood flow away from other organs and hence slows fetal growth. Such changes are demonstrated by an increased UmbA pulsatility index (PI), measured as the rise in blood velocity during systole weighted by the average velocity throughout the cardiac cycle and which likely indicates a rise in systemic vascular resistance; a decreased middle cerebral artery (MCA) PI, rise in MCA peak systolic velocity (PSV) and/or a greater decrease in the MCA than UmbA PI (i.e. a decreased MCA/UmbA PI ratio) that are indicative of cerebral vasodilation [73, 74] . We therefore asked whether high altitude alone and/or lower UtA blood flow due to PE or GH at high altitude increased fetal hypoxia as measured by these Doppler indices and if so, the time course of such changes and their relationship to fetal growth. Our approach for answering these questions was first to compare UtA blood flow, Doppler indices of fetal hypoxia and fetal growth in healthy, normotensive Andean residents of high versus low altitude and then to compare high-altitude normal, healthy women to those with PE or GH. We considered that such studies would be useful for better understanding the mechanisms by which UtA blood flow influences fetal hypoxia and fetal growth.
(b) Subject characteristics, study techniques and statistics
This was a case-control study of 191 pregnant Andeans (Aymára or Quechua) who resided either at very high altitude (4100-4300 m, n ¼ 154) or low (400 m, n ¼ 37) altitudes in Bolivia. The high-altitude women were studied cross sectionally on one occasion between 18 and 38 weeks of pregnancy, and the low-altitude women serially at 20 and 36 weeks. All subjects gave written consent to study procedures that had been approved by the Colorado Multiple Institutional Review Board and the Colégio Medico, its Bolivian counterpart. Exclusion criteria were smoking, consumption of more than two alcoholic beverages weekly, active infections, or known risks for developing PE or GH (i.e. pre-existing rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140068 hypertension, cardiovascular or renal diseases, gestational diabetes and multiple gestation). The high-altitude women had lived their whole lives above more than 2500 m, whereas the low-altitude subjects had been born and raised either at low (n ¼ 24) or high (n ¼ 13) altitude. Subjects were subsets of those described more fully elsewhere [41, 66] ; new here are fetal Doppler and biometry data, and for the cross-sectionally studied women, UtA blood flows reported by gestational age. Ancestry was confirmed using a panel of Ancestry Informative Markers (AIMs), parental and grand-parental surnames and birthplace as described previously [66] . PE and GH were defined by systolic blood pressure greater than 140 mmHg and diastolic blood pressure greater than 90 mmHg after the 20th week of pregnancy on 2þ occasions at least 6 h apart in a woman who was normotensive when non-pregnant. PE was distinguished from GH by the presence of more than or equal to 1þ proteinuria by dipstick and confirmed as more than 300 mg in a 24-h collection; women with GH were without proteinuria. Of the 154 high-altitude women, 125 remained normotensive throughout pregnancy and 29 had been diagnosed with PE or GH. Eight [13] of the women with PE were diagnosed early (less than or equal to 34 weeks, termed 'early-onset PE') and 21 with PE or GH were diagnosed late in gestation (more than 34 weeks, termed 'late-onset PE/GH').
Ultrasound studies were performed in the cross-sectional high-altitude sample using a MICROMAXX (SonoSite, Inc. Bothell, WA) equipped with a C60e transducer as previously described [41] . Women in the serial low-altitude sample were studied serially using an ATL 3000 ultrasound (Phillips) configured for obstetric use with colour imaging and Doppler with a 4-MHz curved linear array probe as previously described [66] . Briefly, the right and left UtA were imaged at the anatomic location where they appear to cross over the external iliac artery and before dividing into the uterine and cervical branches. UtA diameter was calculated as (2 Â end-diastolic þ peak systolic diameter)/3, corrected for the exaggerating effects of colour imaging and used together with time-averaged mean UtA flow velocity (TAM) obtained from traces with at least six consecutive cardiac cycles of good quality to calculate UtA volumetric flow as previously described [39] . Also recorded were the UtA PI ((peak systolic 2 end-diastolic velocity)/TAM) in each right and left main UtA as described previously. UtA blood flow is presented as the sum of values averaged from triplicate measures in the right and left vessels; other measures are the average of the values obtained from both sides.
As part of the same study, fetal heart rate (FHR), MCA and UmbA PI, MCA and UmbA PSV, head circumference, biparietal diameter (BPD), abdominal circumference (AC) and FL were measured and presented as the average of triplicate measures. Care was taken to record values during periods of fetal inactivity. The MCA or UmbA PSV was measured as close to 08 as possible, with the actual angle of insonation recorded and used to correct values to 08. The MCA was measured at the origin of the circle of Willis and the UmbA from a representative mid-cord segment as previously described [73] . Estimated fetal weight (EFW) was calculated using the Hadlock formula [75] .
All subjects delivered in hospitals where birth weights and other anthropometric measures were obtained. Infants were classified as small for gestational age (SGA) if their birth weights were below the 10th percentile of sea-level values for their gestational age and sex [76] . Gestational age was defined as weeks from the last menstrual period (LMP), confirmed by that obtained from week 20 fetal biometry values in the low-altitude subjects, and used to classify infants as preterm (less than 37 weeks) or term (more than or equal to 37 weeks). No births occurred post-term (more than 42 weeks) or were large for gestational age (more than 10th percentile for gestational age and sex).
After affirming that study variables were normally distributed using Kolmogorov and Smirnov tests, the cross-sectional data were pooled into four-week bins centred at 20, 24, 28, 32 and 36 weeks of pregnancy. Comparisons were conducted between normal subjects at low versus high altitude and between the normal women and those who developed earlyonset PE or late-onset PE or GH at high altitude. Pregnancy groups were compared by two-way analysis of variance with corrections for multiple comparisons or Fisher's exact test. Linear regression was used to identify the relationship between fetal growth and the UtA, UmbA and MCA flow parameters. Actual gestational age at the time of study was included in all models given its strong association with increased UtA, UmbA and MCA blood flow. First, we introduced each factor separately to identify significance or lack thereof. Subsequently, we introduced all significant variables into a stepwise linear regression model to determine the most prominent determinants of EFW for all women, Norm and PE/GH. Results are reported in the text as the standardized beta (b) coefficient, which is the slope of the association and is bounded by 21.0 and þ1.0. The R 
(c) Results (i) Maternal characteristics
Maternal age was similar but gravidity and parity (data not shown) were lower and body mass index (BMI) higher in the normal healthy women at low than high altitude (table 2a) . Maternal haemoglobin levels were higher at high than low altitude in normal subjects. At high altitude, the normal women were slightly younger than the PE or GH women and had lower non-pregnant BMI, but no women were obese (BMI . 30). The normotensive and hypertensive high-altitude groups were similar in the per cent AIMs of Amerindian origin (83 + 1% and 79 + 2% respectively, p ¼ n.s.) but per cent AIMs was greater in both groups than at low altitude (64 + 3%, both p , 0.01). There were no differences in maternal age, gravidity or haemoglobin between the early-onset PE and the late-onset PE/GH groups (data not shown). Women with hypertensive complications more often delivered preterm than normal women at high altitude (table 2a) with this being especially true for the early-onset PE versus late-onset PE/GH groups (62.5% [29, 96 ] versus 4.8% [24, 14] , respectively, p , 0.01). No women with PE or GH were studied at low altitude.
Bilateral UtA volumetric blood flow was much higher in the cross-sectionally studied normal women at high altitude than in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140068 Table 2 . Characteristics of Andean mothers and babies residing at low (400 m) and high (4100 -4300 m) altitude. Asterisks (*) indicate interaction between group and time, p , 0.0001. Sample sizes are in parentheses. AC, abdominal circumference; BMI, body mass index; BPD, biparietal diameter; dia., diameter; EFW, estimated fetal weight; FL, femur length; GH, gestational hypertension; HA, high altitude; LA, low altitude; MCA, middle cerebral artery; PE, preeclampsia; PI, pulsatility index; PSV, peak systolic velocity; SGA, small for gestational age and sex; TAM, time-averaged flow velocity; UmbA, umbilical artery; UtA, uterine artery; wk, week.
(a (29) n.s.
SGA (%)
14 [5, 33] (23) 14 [8, 20] (125) 48 [29, 66] (29) ,0.01 the serially studied women at low altitude (figure 2a) as the result of higher TAM velocity (table 2b) . The cross-sectionally studied women with early-onset PE had substantially lower UtA blood flow than normal women at high altitude, due to higher UtA PI and lower TAM, whereas UtA blood flows in the late-onset PE/GH women were similar to those of healthy high-altitude women ( figure 2a and table 2b ).
(ii) Fetal characteristics FHR did not change across the period of study but was lower in the cross-sectionally studied normal high-versus serially studied low-altitude samples. FHR tended to be lower still in the cross-sectionally studied, early-onset PE or late-onset PE/GH than normal pregnancies at high altitude (figure 2b). UmbA PSV rose with advancing gestation but was consistently lower in the early-onset PE or late-onset PE/GH versus normal high-altitude groups. UmbA PI, a measure of systemic vascular resistance, decreased with gestation in all groups but tended to be higher in the healthy high-than low-altitude pregnancies and in the hypertensive than normal groups at high altitude (table 2b) . MCA PI was lower in normal pregnancies at high versus low altitude but neither it nor MCA PSV differed between normal and the hypertensive groups at high altitude (table 2b) . The MCA/UmbA PSV ratio rose during gestation at high altitude to values that were higher in the early-onset PE than normal healthy high-altitude group (figure 2c) due to lower UmbA PSV (table 2b) . Advancing gestation also increased the MCA/UmbA PI ratio, with values being lower in the normal high-than low-altitude groups and with a trend towards differing effects of time in the hypertensive versus normotensive groups at high altitude (figure 2d).
Fetal biometry values increased with advancing gestation as expected. While HC, AC and FL were marginally lower at high than low altitude or in hypertensive than normal groups, no measures differed significantly between groups (table 2b). Using stepwise regression models, both advancing gestational age and greater UtA blood flow, UmbA and MCA PSV or lower UtA PI, UmbA PI and MCA PI contributed to greater EFW when all high-altitude subjects or the normal subjects alone were considered, with rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140068
A higher MCA/UmbA PSV ratio was also associated with greater EFW in the normal group (b ¼ 0.11, both p , 0.05). None of these flow parameters was significant when only the PE or GH groups were considered (see the electronic supplementary material, table S1), and sample sizes were too small to permit evaluating the early-and late-onset PE groups separately.
(iii) Newborn characteristics
Birth weights, gestational age, length or ponderal indices were similar in babies born to normal healthy Andeans at high versus low altitude although HC was slightly smaller (table 2a) . Three of the five fetuses from early-onset PE pregnancies died in utero but the frequency of fetal demise did not differ among the groups overall. Babies born to high-altitude hypertensive women weighed less at birth, were more often SGA and tended to have lower ponderal indices than those born to normal women at low or high altitude (table 2a) . Early-versus late-onset PE pregnancies at high altitude more often delivered preterm (62% [5 and 95% CI ¼ 29, 96] versus 5% [24, 14] , p , 0.01) had greater fetal demise (38% [4, 71] versus 0%, p , 0.05) and lower birth weight (1555 + 336 versus 2773 + 126 g, p , 0.01) but a similar frequency of SGA infants (50% [15, 85] versus 48% [26, 69] , p ¼ n.s.).
(d) Discussion
Our principal findings were twofold. First, fetal hypoxia appeared to be modestly greater at high than low altitude as indicated by a lower FHR, lower MCA PI, lower MCA/ UmbA PI ratio, and trend towards higher UmbA PI throughout the period of study. However, the normal, healthy Andeans' greater UtA blood flow at high altitude appeared to compensate for the effects of hypoxia on fetal growth given the similarity in infant birth weights and ponderal indices at high and low altitude. Second, the fetuses of earlyonset PE appeared to be more hypoxic than those born to normal, healthy Andean women at high altitude as indicated by their even lower FHR, lower UmbA PSV, higher UmbA PI, greater MCA/UmbA PSV ratio and greater frequency of adverse outcomes including lower birth weight, preterm delivery and fetal demise. We therefore concluded that fetal growth was well defended by higher UtA blood flows in normal Andeans at high altitude. But when the reduced O 2 availability of high altitude was compounded by earlyonset PE, lower UtA blood flow exaggerated fetal hypoxia and caused the fetus to respond by decreasing cardiac output and redistributing blood flow to help maintain brain development at the expense of growth elsewhere. Reductions in UtA blood flow and alterations in Doppler indices of brain sparing detected fetal growth restriction earlier and more reliably than measures of fetal biometry in early-onset PE versus normal pregnancies at high altitude, recommending their inclusion in future prospective studies. Our study benefited from certain strengths but also had its weaknesses. Strengths were the inclusion of normotensive as well as the full spectrum of early-and late-onset PE/GH pregnancies, which is important for gaining population and evolutionary perspectives on adaptation to high altitude. While early-onset disease has more severe outcomes, more women and babies are affected by late-onset disease making it important for both groups to be considered. These are, to the best of our knowledge, the first data in which volumetric UtA blood flow in hypertensive pregnancies has been measured in combination with Doppler indices of blood flow distribution, fetal biometry and infant birth weight at high (or low) altitude. Additional strengths were that a single operator and instrument made all the UtA blood flow measurements in the cross-sectional studies at high altitude and the same UtA protocols were followed in the Doppler ultrasound studies at low and high altitude. While the accuracy of ultrasound Doppler-derived measurements of volumetric flow is subject to limitations, our UtA flow estimates per kilogram fetal weight at low altitude agreed with directly measured values in sheep and had good reproducibility [24, 27] . We also used multiple Doppler indices of brain sparing (UmbA PI, MCA PI, MCA/UmbA PI ratio), as well as a new measure (MCA/UmbA PSV) given the prior report that the MCA PSV was more predictive of adverse perinatal outcome than the MCA PI [77] .
Study weaknesses included the cross-sectional design of the high-altitude studies, which allowed inclusion of a larger number of women with a range of disease severity but limited our ability to distinguish between the effects of pregnancy duration, disease progression and inter-individual variation. This is especially true in relation to hypertensive complications of pregnancy insofar as early-onset PE is often accompanied by more severe fetal growth restriction than late-onset disease, and may differ in terms of etiology [78] . Thus, we were careful to compare the early-or late-onset hypertensive groups to normal, healthy high-altitude women at the same time in gestation. We were limited in our ability to estimate gestational age as fetal biometry before week 20 is not routinely performed in Bolivia. While it is possible that some of our LMP-based values were inaccurate, none of the subjects reported doubts about the date of her LMP and LMP-derived estimates have agreed well with those determined by fetal biometry in our previous studies [66] . Another limitation was that, despite recruiting from high-risk clinics so as to increase the number with hypertensive complications, small sample sizes especially at earlier time points limited our power to detect differences between hypertensive and normal groups. While all the early-onset PE women had documented proteinuria, the lack of routine proteinuria testing in Bolivia restricted our ability to distinguish between PE and GH. In keeping with current recommendations [79] , we therefore combined the late-onset women into a single PE/GH category. As other factors influence FHR and the Doppler indices considered here, future studies in larger numbers of subjects are required to confirm or refute study findings. No women with PE or GH were studied at low altitude, thus restricting our comparisons to normotensive versus hypertensive subjects at high altitude, and recommending the conduct of future studies to determine whether UtA blood flow reductions and Doppler indices of fetal hypoxia are greater in PE at high than low altitude.
The higher UtA blood flows seen in normal, healthy Andeans agreed with our and others' prior studies, as did the Andeans' protection from altitude-associated reductions in birth weight [40, 66, 72, 80] . Lower UtA blood flow in association with IUGR in early-onset PE at high altitude also agreed with previous low-altitude studies finding lower UtA blood flow in IUGR than normal pregnancies as early as weeks 20-24 [29, 30] . As noted previously [41] , UtA blood flow was lower in early-but not late-onset PE or PE/GH, further underscoring likely differences in etiology between these two conditions. While abnormal UtA Doppler indices have not rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140068 been shown to have sufficient sensitivity for detecting IUGR (see [73] for review), no study has measured UtA volumetric flow and hence its inclusion in future studies is recommended for possibly improving detection. The higher UtA blood flows and heavier (more normal) birth weights seen in normal than early-onset PE at high altitude also agreed with previous findings of higher UtA blood flows and birth weights in normal Andean versus European pregnancies at high altitude [39, 40] .
Our UmbA and MCA Doppler PI findings also agreed with those at sea level (table 3) and in some, but not other, high-altitude reports. A randomized clinical trial has shown that an elevated UmbA PI indicative of greater systemic vascular resistance (such as we saw in the hypertensive versus normal high-altitude pregnancies or tended to be present in the normal high-versus low-altitude groups) predicted IUGR and other adverse outcomes in high-risk pregnancies [84] . Of interest was that we found a relationship between EFW and both the UmbA and MCA PI in all subjects or the normal high-altitude group alone, which is consistent with shunting of fetal cardiac output towards the cerebral circulation ('brain sparing') and away from other organs. A low MCA PI or a low MCA/UmbA PI ratio, both indicative of brain sparing, have also been shown to be useful surrogates for placental insufficiency and hypoxia [83] , and for distinguishing fetuses with true IUGR from those who are small due to constitutional or other factors [85] . A low MCA/UmbA PI ratio is particularly useful, as poor neurodevelopmental outcomes can occur even in fetuses with normal UmbA PI but abnormal MCA/UmbA PI ratios, and has greater sensitivity than a low MCA PI for detecting IUGR and other complications because the MCA/UmbA PI ratio becomes abnormal earlier [85] . In keeping with these observations, we found that the MCA/UmbA PI ratio was lower throughout pregnancy in the normal high-versus low-altitude groups and tended to be more variable in the hypertensive than normal high-altitude women. While our MCA/UmbA PI values were not as low as those seen in severe IUGR at sea level [77] , the MCA PI was lower in the normal high-than low-altitude pregnancies and marginally but not significantly lower at week 24 in PE versus normal women at high altitude. In a separate sample of high-altitude Andeans, we reported that week 36 MCA systolic/diastolic (S/D) values were below low-altitude values [66] ; this agreed with the higher UmbA PI previously reported at high altitude but differed insofar as a lower MCA PI was not observed in those reports [21, 86] . Such differences between studies may have been due to the use of S/D versus PI as the index of vascular resistance, to smaller sample sizes at weeks 20-24 in the Krampl report which is when we observed the greatest differences, or to the fact that the Postigo study was conducted at a single time point near term when MCA PI values at high and low altitude were more similar. We therefore concluded that the lower MCA/UmbA PI ratio seen throughout pregnancy in normal high-versus low-altitude pregnancies, the higher UmbA PI and the differing effects of gestational age on the MCA/UmbA PI ratio in the hypertensive versus normal high-altitude groups indicated that fetal hypoxia was modestly increased by high altitude alone and more markedly when the effects of high altitude and hypertensive complications were combined.
To buttress our UmbA and MCA PI observations and given Mari's report [77] that an increased MCA PSV better predicted fetal death than a low MCA PI, we also examined the MCA PSV, the UmbA PSV and their ratio. Unfortunately, MCA and UmbA PSV were not recorded in the normal pregnancies at low altitude and hence comparisons could only be made between the normal and hypertensive groups at high altitude. Consistent with the higher UmbA PI, we found a lower UmbA PSV that was not likely to be due to greater fetal haematocrit and viscosity as previously suggested [86] since anaemic fetuses also have altered PSV. Like Mari [77] , we found that the MCA PSV increased more consistently with advancing gestation than did the MCA PI, but our MCA PSV values were not higher in the hypertensive than normal pregnancies, perhaps as the result of the more severe IUGR in that study insofar as birth weights ranged from 282 to 660 g, whereas our values averaged 1555 g in the early-onset PE and 2773 g in the late-onset PE/GH groups. Similar to the relationships observed with the MCA and UmbA PI, EFW was positively correlated with the UmbA PSV and the MCA PSV in the combined high-altitude groups or the normal group alone. However, the MCA/ UmbA PSV ratio was more consistently higher in the PE/ GH versus normal pregnancies at high altitude than was the MCA/UmbA PI ratio lower, suggesting that a high MCA/UmbA PSV ratio may be an additional useful index of impaired cerebroplacental perfusion and fetal hypoxia.
While a number of studies address the important effects of pregnancy on UtA and mesometrial artery vasodilator, vasoconstrictor and growth responses (see [10] for review) and the mechanisms by which chronic hypoxia interferes with these responses [87] [88] [89] , whether and if so how such factors contribute to differences in UtA blood flow between normal and IUGR pregnancies at low altitude or between newcomer Table 3 . Summary of study observations in relation to those in the literature. GH, gestational hypertension; HA, high altitude; IUGR, intrauterine growth restriction; LA, low altitude; MCA, middle cerebral artery; n.d., no data; PE, preeclampsia; PI, pulsatility index; PSV, peak systolic velocity; TAM, time-averaged flow velocity; UmbA, umbilical artery; UtA, uterine artery. and multigenerational high-altitude residents is unclear. Supporting the point made above that different mechanisms are likely involved in regulating UtA diameter and flow velocity, UtA diameters were similar in the normal versus PE or GH high-altitude Andeans but velocity lower in the early-onset PE women. Our data also indicate that while impaired placentation limits UtA blood flow in early-onset disease, increased flow velocity can raise UtA blood flow to normal levels even in a setting of increased UtA PI in women with late-onset PE/GH. The absence of differences in per cent Amerindian AIMs between the normal versus hypertensive groups was consistent with the likelihood that Andean ancestry helps maintain the normal pregnancy increase in UtA diameter but does not confer protection from early-onset PE or late-onset PE/GH [41] . In other words, while Andeans are protected relative to Europeans from altitude-associated reductions in fetal growth [72, 90] , such protection does not appear to extend to hypertensive complications of pregnancy; however, future studies with larger samples and careful documentation of early-and late-onset PE or GH and ancestry are required to confirm or refute this possibility.
The very high levels of UtA blood flow seen in the highversus low-altitude Andeans in combination with near-normal levels of arterial O 2 content would be expected to yield greater uteroplacental O 2 delivery than at sea level [68] . Thus, the question arises as to why the high-altitude Andeans' UtA blood flow is so high. The approximately 1.5 l min 21 values for bilateral
UtA flow in the present report are similar to what we reported in a separate sample of Andeans at 3600 m [66] , but considerably greater than those reported from the same altitude by Zamudio et al. [40] . Higher levels of UtA blood flow in Andean than European residents of high altitude were seen in both reports and due to greater diameter in the Andeans, but flow velocities were markedly lower in the Zamudio study perhaps reflecting study differences in angle of insonation and the corrections employed for estimating velocity. There are several possibilities as to why the Andeans' UtA blood flow levels are so high. One is that not all the UtA blood flow reaches the intervillous space given the presence of myometrial arterio-venous anastomoses [91] , which may act as a reserve for protecting against intermittent hypoxia and ischemia/reperfusion injury [92] . Consistent with this are the higher anti-oxidant levels seen in Andean than European pregnant women at high altitude [93] . A second possibility is that the very high UtA blood flow is due to biomechanical factors serving to increase UtA diameter, as a large diameter permits high blood flow at slower velocity and thus protects the fragile fetal villi from the damaging effects of high velocity and villous compression [92] . Consistent with less villous compression are the higher umbilical venous blood flows reported in Andeans than Europeans at high altitude [21] . Third, high UtA flow could be vital for delivering nutrients other than O 2 , namely glucose and amino acids; this is supported by the greater placental glucose consumption seen at high than low altitude although differences between Andeans and Europeans were not observed [57] . Fourth, as noted above, the human placenta operates as a venous equilibrator and thus requires higher blood flow to achieve the same O 2 delivery compared with a countercurrent system of gas exchange [20] . Using the haemoglobin and SaO 2 values we observed at high altitude [66] , the umbilical venous pO 2 values reported by Postigo et al. [21] and assuming a 10 mmHg uterine venous-umbilical venous (UmbV) pO 2 gradient, we estimate that 62% greater UtA blood flow is required at high altitude to achieve the same level of O 2 delivery as at low altitude (figure 1b). Interestingly, this approximates the 74% (1422/818 ml min 21 ) increase seen at week 36 in Andean compared with European women at 3600 m [66] . In short, while the full explanation for the Andeans' very high levels of UtA blood at high altitude is unknown, it appears to be protective against altitude-associated reductions in fetal growth given its association with less pronounced alterations in Doppler indices of fetal hypoxia and heavier (more normal) birth weight infants. However, the mechanisms by which UtA blood flow influence fetal growth are likely to be complex and, to quote Andrew Murray, be more than a simple question of supply and demand [94] .
In summary, our Andean studies showed that Doppler indices of fetal hypoxia were modestly greater in normal pregnancies at high than low altitude, but UtA blood flow greater and infant birth weights similar. UtA blood flow was markedly lower in early-onset PE versus normal healthy women at high altitude, and their fetuses more hypoxic as indicated by lower FHR, lower UmbA PSV, higher MCA/UmbA PSV and more IUGR. We concluded that fetal growth was well defended by higher UtA blood flows in normal pregnancies at high altitude but when compounded by early-onset PE, lower UtA blood flow exaggerated fetal hypoxia and caused the fetus to respond by decreasing cardiac output and redistributing blood flow to help maintain brain development at the expense of growth elsewhere. Future studies are required to extend the present observations on the relationship between UtA blood flow and fetal hypoxia in early-versus late-onset PE or GH and to define the metabolic processes responsible for the fetal growth restriction observed. We speculate that UtA blood flow is not only an important supply line but also a trigger for stimulating the metabolic and other processes regulating feto-placental metabolism and growth. Consistent with metabolic changes being involved are the decreased mitochondrial complex protein and activity levels, and increased placental glucose consumption observed in high-versus low-altitude placenta from Colorado and Bolivia, respectively [57, 59] . Also suggesting the involvement of metabolic factors are our genome studies that have identified the a-1 catalytic subunit of a key metabolic sensor, adenosine monophosphate kinase, as a region that has been subjected to natural selection in Andeans [42, 43] and whose genetic variation is associated with birth weight and mRNA expression levels of mTOR pathway proteins [48] , which is a pathway that has been previously implicated in altitude-associated IUGR [49] .
In relation to the evolutionary trade-offs theme of this issue, pregnancy studies in general and under the circumstances of the reduced O 2 availability at high altitude provide a graphic example of the evolutionary trade-offs required for reproductive success. Such trade-offs are illustrated by the effects of the anatomical changes required for bipedalism and the nature of placental gas exchange on the pregnancy rise in maternal UtA blood flow and, in turn, the influences of UtA blood flow on fetal growth and well-being. Studies at high altitude offer the advantages of a relatively uniform hypoxic stimulus and human populations with multigenerational high-altitude residence in which genetic adaptation has occurred. Uncovering the specific genes involved and the biochemical and metabolic mechanisms by which they exert their effects can thus both improve our understanding of evolutionary process and lead to improved detection as well as treatment for pregnancy complications that will benefit not only the 140 million high-altitude rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140068 residents worldwide but also the countless others affected by pregnancy complications characterized by fetal hypoxia and growth restriction.
